The fruit of Morinda citrifolia, commonly known as noni, has an extensive history of use as a food and medicine throughout the tropics. Among its many uses, noni was believed to promote skin health. In vivo wound healing studies reveal that noni fruit juice ingestion increases collagen production and deposition via increased expression of extracellular matrix protein genes.
lished that proper nutrition is important for maintaining healthy skin and for adequate wound healing. Perhaps, the best-known example of this is vitamin C's vital role in collagen synthesis. A chronic deficiency of this vitamin results in scurvy with its characteristic symptoms of bleeding gums and susceptibility to bruising. These symptoms are due to inadequate collagen synthesis by fibroblasts [1] . Other dietary factors, such as phytochemical constituents of plants, may also have an impact on skin health and biomechanical properties [2] . Some of these phytochemicals may exert their positive effects on the skin by influencing collagen production [3] .
Morinda citrifolia is a tree that grows widely across tropical regions of the world. Its common names are noni and Indian mulberry. It is a small to medium sized tree with dark green, glossy, and elliptical leaves. The fruit, which grows year-round, is an ovoid syncarp that changes from green to pale yellow, then finally to white, during ripening and senescence. The leaves and fruit, as well as other plant parts, had significant roles in Pacific, South Asian, Southeast Asian, and Caribbean material medica [4] . In fact, noni is reported to be the most important and widely used Polynesian medicinal plant prior to the European era [5] . Various parts of the plant were used by local healers to treat inflammation, osteoarthritis, rheumatism, backache, joint problems, abscesses, angina, diabetes, ranula, abdominal fibromas, scorpionfish stings, hemorrhoids, skin allergies, burns, and warts [6] [7] [8] . Today, noni fruit juice is produced commercially as a dietary supplement that is used to promote overall health and for use in skin care products. Many of the traditional perceptions of noni seem to be validated by the results of human clinicals trials, especially those involving noni fruit juice. Among the recorded effects of noni juice ingestion are the protection of DNA, control of tobacco-smoke induced blood lipid and homocysteine elevation, control of systemic inflammation, improvement of joint health, increased physical endurance, increased immune activity, inhibition of advanced glycation end product (AGE) formation, weight management, maintenance of bone health, normalization of blood pressure, and improved gum health [9] . Some Pacific Islanders believe that improved skin health is one of the benefits of drinking noni juice [10] . This is also an opinion held among European noni juice consumers [11] . As type 1 collagen is a major structural component of the skin, these benefits may be related to noni's ability to influence collagen synthesis and deposition. This review discusses the findings of in vitro and in vivo studies, as well as human studies, that help us better understand the potential effects of noni juice ingestion on skin collagen.
In Vivo Studies
Ingestion of noni fruit juice appears to promote the synthesis of collagen in the skin. This effect has been observed directly in vivo, such as in a 10-day feeding study with diabetic Sprague-Dawley rats [12] . In this study, animals with skin wounds were divided into three groups. Those in the first group were non-diabetic Journal of Biosciences and Medicines controls. The second and third groups included diabetic rats, with those in the third group receiving noni juice in their drinking water. All animals were monitored for wound closure rates. Histological and biochemical analyses of wound granulation tissues were also performed. The average wound closure rate was significantly greater among the animals in the noni juice group, when compared to the diabetic controls. A trend for accelerated wound healing was also observed when the noni-fed rats were compared to the non-diabetic controls. Histological analyses revealed that both the non-diabetic and diabetic control animals, when compared to the noni juice group, had less collagen formation and poorer cross-linking and directional organization within collagen fibers. The hydroxyproline content (mean ± standard deviation), a biochemical marker for collagen, was greater in the noni juice group (92.16 ± 4.02 mg/g) than in the non-diabetic controls (66.00 ± 2.40) or in the diabetic controls (52.66 ± 2.87). Due to the potential for noni juice to influence blood sugar levels, the improved wound healing in diabetic animals was somewhat anticipated. But the increased collagen production in noni juice-fed animals, beyond that experienced by the non-diabetic control group, demonstrates that the mechanisms of action go beyond mitigating the effects of elevated blood glucose.
The procollagen properties of noni juice were also observed in C57/BL6 mice [13] . In these mice, ingestion of noni juice accelerated the healing of lesions from leishmaniasis. But among the uninfected reference groups in this study, the noni juice fed animals also had greater expression of extracellular matrix protein genes (collagen I and III, laminin, and fibronectin) than the control mice. In fact, expression of collagen I and III was more than doubled by noni juice.
Noni fruit juice also appears to promote the proliferation of fibroblasts, the cells responsible for collagen synthesis. Increased fibroblast populations were evident in tooth excision wounds where a noni fruit juice-based gel had been applied for three days [14] . The average fibroblast count was approximately 21% greater than that of the control group.
The ability of noni to increase collagen synthesis is not uncontrolled, however.
In the case of thioacetamide-induced liver injury, which leads to hepatic fibrosis, noni juice ingestion reduced average collagen concentration in the livers of Wistar rats [15] . Certainly, this reduction is associated with its liver protection and anti-inflammatory properties. But the authors of this study also reported that noni juice upregulated gene expression of matrix metalloproteinase inhibitors, TIMP-1 and TIMP-3, while suppressing the activity of two specific matrix metalloproteinases, MMP-2 and MMP-9. Additionally, an ethanol extract from noni fruit puree inhibited MMP-9 release from human monocytes in vitro [16] .
Further, the feeding of noni fruit juice for 6 weeks reduced hepatic MMP-9 activity in high-fat diet hamsters [17] . These MMPs degrade collagen, which then signals compensatory mechanisms. Therefore, noni juice appears to protect hepatic extracellular matrix from aggressive matrix metalloproteinases (MMP) action which, in turn, may prevent abnormal collage synthesis that results in fibro- Aucubin and geniposidic acid are iridoid glycosides with chemical structures similar to those of two major phytochemical constituents of noni, deacetylasperulosidic acid and asperulosidic acid [19] . Ingestion of these two iridoids stimulates increased skin collagen synthesis in Wistar/ST rats, especially under conditions that accompany aging [20] . Geniposidic acid also increased stratum corneum turnover of rats by 23%, leading to improved renewal of the outer layer of the skin [21] . These findings may provide some insight into which active principles in noni fruit juice improve the quality of the skin, with deacetylasperulosidic acid and asperulosidic acid likely playing leading roles.
In Vitro Mechanistic Studies
An ethanol extract of noni fruit exhibited a collagen-producing effect in vitro.
The extract was found to up-regulate the synthesis of procollagen type 1 C-terminal peptide, a precursor of type 1 collagen, and glycosaminoglycans in normal human fibroblasts [22] .
Juice from ripe noni fruit activated nuclear factor erythroid 2-related factor 2 (Nrf2) in microvascular endothelial cells [23] . Nrf2 helps maintain the normal function of fibroblasts and protects them against reactive oxygen species-mediated damage, such as that occurring from UVA light exposure [24] . Other phytochemicals in noni fruit also contribute to the protection of the ECM. Scopoletin inhibits collagenase and elastase activities in vitro [28] [29] .
Iridoids inhibit nuclear factor-kβ (NF-kβ), which is one of the mechanisms by which they exert their biological effects [30] . NF-kβ activates collagenases, such as MMP-1 [31] . In fact, direct inhibition of MMP-1 has been reported for aucubin, which is structurally similar to the iridoids in noni fruit [32] . Also, NF-kβ activation decreases type 1 collagen synthesis by downregulating expression of the alpha-1(I) collagen gene [33] . Thus, the inhibition of NF-kβ helps both type 1 collagen synthesis as well as prevents its degradation. Asperulosidic acid, the second most abundant iridoid in noni fruit, as well as acid ester also found in noni fruit, inhibit AP-1 activity in mouse epidermal cells [34] . AP-1 is a transcription factor that activates collagenase expression. As such, inhibition of AP-1 represents another ECM protective mechanism potentially enhanced by noni fruit juice ingestion.
Human Studies
The use of topical formulations with noni fruit juice improved the viscoelastic properties of the skin of adult volunteers. Daily application of a noni-based skin care regiment improved average skin firmness/elasticity by up to 42.4% in 49
women, ages 38 to 55 years [35] . In another human trial, a cream containing an ethanol extract of noni was applied to the face of 22 adult women in the morning and evening for four weeks [36] . Daily application of the extract significantly reduced the severity of wrinkles under the eyes. When this extract was evaluated in vitro, it decreased MMP-1 activity in human epidermal cells. Skin firmness and elasticity are directly related to dermal collagen and elastin networks [37] .
Thus, improved elasticity of the skin after using the topical noni-based treatments suggest that the active procollagen substances in noni fruit may be ab- When compared to a placebo group, smokers who drank 29.5 to 118 mL of noni juice from Tahiti (TNJ) for 30 days experienced significant declines in plasma superoxide anion radicals (SAR) and lipid hydroperoxide (LOOH) levels [38] .
Further, lipid peroxide and malondialdehyde DNA adducts were reduced by Journal of Biosciences and Medicines placebo, however, had no change in DNA adduct levels [39] . It is notable that the free radical and DNA adduct declines occurred in those who continued to smoke heavily. Thus, the antioxidant action of noni juice is significant even under conditions of extreme oxidative stress. The antioxidant properties of noni juice are relevant to skin health since the ECM may be damaged by reactive oxygen species (ROS), UV light and subsequent oxidative stress. The damage involves multiple pathways including the activation of AP-1 by ROS (i.e. SAR and LOOH), which then increases the expression of MMPs that degrade collagen and damage the dermis [40] . This is one reason why cigarette smokers are known for poor skin quality and increased wrinkling [41] . However, noni juice increases superoxide dismutase and catalase activity [42] . It is through these antioxidant enzymes that noni juice is able to lower SAR and LOOH and thereby limit collagen fragmentation in the skin.
The antiglycation properties of noni fruit juice were demonstrated in a two-month intervention study with overweight adults and in a cross-sectional population study [43] . In these studies, advanced glycation end product (AGE) accumulation within the body was determined through skin autofluorescence [44] . In the two-month intervention study, changes to skin autofluorescence were measured in 34 overweight or obese adults with impaired fasting glucose and elevated blood pressure (prehypertension or grade 1 hypertension). The average initial skin autofluorescence of this group was typical of a healthy 44-year-old adult. But this group's average actual age was 40, four years younger than its AGE associated age (ASA). By the end of the trial, noni juice supplementation reduced the average ASA to 39 years. This represents a significant decrease in the AGE levels of these volunteers.
The cross-sectional population study included 3913 Japanese adults from 10 cities. A questionnaire was used to collect demographic data and information on daily noni juice ingestion rates. Skin autofluorescence was used to measure AGE burden in 2790 noni juice consumers and 1123 controls (those who did not drink noni juice). Regression analysis revealed that drinking noni juice is associated with lower AGE levels and that the average ASA was 2.07 years less among noni juice consumers than in the general population. This antiglycation activity is helpful in maintaining a healthy ECM in the skin since AGEs inhibit collagen deposition by stimulating fibroblast apoptosis [45] . Reduced dermis thickness, with shortened, thinned, and disorganized collagen fibrils, is associated with higher AGE levels in the skin [46] . The influence of AGEs on skin properties is also evident in that fact that skin elasticity is reduced while skin autofluorescence increases with increasing age [47] . As such, AGEs have a negative impact on skin structure, collagen organization, and skin elasticity. Such negative effects may be mitigated by drinking noni juice.
Conclusion
Noni fruit juice provides many health benefits. These include the maintenance or improvement of skin health. In vitro, in vivo and human studies reveal that 
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